An experimental study was conducted to investigate on the effects of the relative rotation directions of two tandwm wind turbines on the power production performance and flow characteristics in the wakes of two wind turbines in tandem. The experimental study was performed in a large-scale Aerodynamics/tmospheric Boundary Layer (AABL) Wind Tunnel located at the Aerospace Engineering Department of Iowa State University. While the oncoming Atmospheric Boundary Layer (ABL) wind was kept in constant during the experiments, the turbine power outputs, the dynamic wind loads (i.e., aerodynamic forces) acting on the wind turbines, and the flow characteristics in the wakes the wind turbines were measured and compared quantitatively with the turbines operating in either co-rotating (i.e., the downstream wind turbine has the same rotation direction as the upstream turbine) and counter-rotating configurations (i.e., the downstream wind turbine has an opposite rotation direction in relation to the upstream wind turbine). It was found that an obvious azimuthal flow velocity component, i.e., so-called "pre-rotating" effect, would be generated in the wake flow of the upstream turbine. When the downstream turbine operates in the co-rotating configuration, due to the effects of the "pre-rotating" azimuthal flow velocity, the effective angle of attack of the oncoming ABL wind approaching to the second wind turbine would be decreased, thereby, a smaller lift to drive the rotor of the downstream turbine. However, when the downstream turbine operated in the counter-rotating configuration, the "prerotating" azimuthal flow velocity would result in a greater effective angle of attack for the oncoming wind to approach the second wind turbine, thereby a larger lift to drive the rotor of the downstream turbine. As a result, the downstream wind turbine was found to be able to harvest more wind energy when it was operated in counter-rotating configuration (up to 17% more power output were achieved based according to the measurement results of the present study), compared with that in counter-rotating configuration. The benefits of the counter-rotating configuration in power production were found to decrease gradually as the distance between the two wind turbines increases. 
I. Introduction
lean and renewable energies have attracted more and more attentions in recent years. Wind energy has been widely considered as one of the most promising renewable energies. While wind energy provided only approximately 2.3% of total U.S. electricity generation in 2010, a target of 20% of USA total electricity generation from wind energy by 2030 has been set up recently by the U.S. Department of Energy. To achieve the goal of 20% of electricity generation from wind energy by 2030, while more and more wind farms are developed at the sites where wind energy source is plentiful, wind turbine dynamics, micrositing, and array effects have been identified the most significant research topics needed for wind resource characterization and wind power generation (Schreck et al. 2008) .
A modern wind farm usually consists of multiple wind turbines arranged in an organized pattern or arrays. The wind turbines that are located in the near-and far-wake regions of multiple turbines in a typical wind farm would experience a significantly different surface wind field and dynamic wind loading compared to the ones located upwind due to the interferences of the wake flows of the upwind turbines. Since a portion of the wind energy carried by the oncoming ABL wind has already been harvested by the upstream wind turbines, significant velocity deficits would be generated in the wakes of upstream wind turbines. The recovery of the velocity deficits and the turbulence characteristics of the wake flows behind the upstream wind turbines would affect the power output and dynamic wind loading of the downstream wind turbines greatly. Ross and Ainslie (1981) conducted an experimental study to investigate the effects of the spacing on the wake interferences among multiple wind turbines. They found that 50% velocity deficit recovery could be achieved in the wake flow at 2D (i.e., two rotor diameters) downstream the upstream turbines, and the velocity deficit recovered to the extent of nearly 70% and 75% at the 6D and 8D downstream sites, respectively. It implied that the region between 2D and 6D downstream is the most effective region where the wake velocity deficit would recover. Based on the field measurements in offshore wind farms Sodars, Barthelmie et al. (2003) reported that, with the spacing between the wind turbines in offshore wind farms being 1.7D to 7.4D, the velocity deficit recovery can be achieved is in the range 10% ~ 45%. It was also found that, when the spacing exceeds 6.5D, the velocity deficit in the wake flow recovers very slowly in offshore wind farms. Barthelmie & Jensen (2010) reported that power losses from wind turbine wakes in large wind farms were found to be between 10% and 30% of total average power for most large offshore wind farms depending on the wind turbine array spacing and layout. In spite of the extensive studies have been conducted to investigate wake C Downloaded by Hui Hu on January 11, 2013 | http://arc.aiaa.org | DOI: 10. 2514/6.2013-607 interferences amoung multiple wind turbines for wind farm optimization, the spacing and layout of wind turbines in a wind farm is still more an art than a science. According to the National Renewable Energy Laboratory reports, spacing is usually based on the diameter of the area swept by the turbine blades, with the rule of thumb to space the turbines in 5 to 10 diameters. Such spacing is intended to allow for the turbines to draw as much energy from the wind as possible -up to the Betz limit of 59% -without interfering with other turbines situated in upwind. Even small improvements in quantifying wake losses for given array configurations and atmospheric climates are economically significant. According to Barthelmie & Jensen (2010) , at current costs an increase in power output of 1% of a 100 MW wind farm is equivalent to approximately $0.5 million in revenue increase annually. Their analyses also indicate that, for realistic turbine spacing in a wind farm, power output of the wind farm was directly related to turbine spacing (i..e., 1.3% average increase in power for an increase of 1.0 rotor diameter spacing). The need to accommodate constraints such as land use, landownership and the cost of increased cabling associated with increased turbine spacing.
Besides the studies to investigate the effects of turbine spacing on the wake interferences among multiple wind turbines, a number of invesigations have also been conducted to assesse the effects of the turbine layout (i.e., staggered vs. aligned layout design) to optimize wind farm design. It was found that, compared with aligned layout design which is mostly commonly used in practice, staggered wind farm design can lead to improved total power output performance for the wind farm. Chamorro et al. (2011) suggested that the difference in total power output between staggered and aligned wind farms is on the order of 10% when wind turbines are spaced 5D and 4D in the streamwise and spanwise directions, respectively. Similar result was also reported by Tian et al. (2012) , who revealed that 12% power increase can be achieved when the staggered layout was adopted with the spacing 3D in both streamwise and spanwise directions for an onshore wind farm under a high turbulence condition. Other researches related to wind farm layout design includes the yaw angle control for the upstream and downstream wind turbines for better total wind farm perofmance. According to the results reported by Ozbay et al. (2012) , with the upstream turbine operating at 30 o yaw angle and the downstream turbine at 0 o yaw angle related to the oncoming ABL wind, the wind farm performance could be improved with a maximum increase of 12% for the case with a 3D spacing between two tandem wind turbines. The total power output with yaw angle control was found to be very close to those with 9D spacing with the upstream turbine operating at non-yawed condition (Adaramola and Krogstad, 2011) .
From those previous studies mentioned above, it can be seen that, although the downstream spacing that have been investigated covered from 2D to 9D, or even farther, the main profit difference among different configurations was found to concentrate in the range between 2D and 6D since the velocity deficits in the wake flow change very slowly after 6D. Therefore, it can be concluded that the most potential area that can harvest more wind energy is in the far wake region for wind farm designs.
For wind turbines, the behavior of near wake has an important role in determining the performance of the wind turbines. The requirement for more power production leads to the development of large-scale wind turbines. In order to utility the wind energy more efficiently, the power coefficient of the turbine must increase by all kinds of methods. In the traditional way, people usually optimize the airfoil and control the pitch angles for better turbine performance. However, based on Betz law (Manwell, 2002) , the maximum energy conversion efficiency of conventional wind turbines with single rotor is 59.3%. In practice, the best designed single rotor turbine can only extract 40% -50% wind energy because of losses such as viscous loss, three dimensional loss, and transmission loss (Seungmin et al., 2012) . As a result, 50%-60% of the wind energy has not been harnessed by the single rotor turbine. Part of this energy may be extracted further by installing a second rotor in the near wake. Because the downstream wake is rotating opposite to the upstream rotor which had been observed in experiments (Conzemius,2010) , the downstream rotor should rotate in the same direction as the wake in order to extract wind energy more efficiently in the wake. Based on such idea, the concept of counter-rotating wind turbine (CRWT) with two rotors in the near wake that rotate at different direction is proposed and then proved aerodynamically more efficient than the conventional single rotor wind turbine (SRWT) design (Appa,2002) . A prototype of 6 kW CRWT was built in California and finished the field tests in 2003. The results indicated that CRWT system could extract additional 30% more power from the same wind stream, compared with conventional SRWT design. After that, Jung et al., (2005) performed another field measurement of a 30KW prototype CRWT, and found that the power increase of the CRWT system reached about 21% over a conventional SRWT system at a rated wind speed of 10.6 m/s. More recently, Habash et al., (2011) conducted a wind tunnel study of a small-scale CRWT, and indicated that the CRWT system can produce up to 60% more energy than a SRWT system of the same type and was capable to reduce cut-in speed while keeping up performance. An et al., (2010) found that the wake flow of a CRWT system trended to be more stable and the turbulent level of the wake flow would be lower than that of SRWT. Farahani et al., (2010) showed that the dynamic response of a CRWT system was more stable than conventional SRWT system and it can produce more energy in a short period after the electric network frequency drops, which suggests that CRWT based wind farms can recover the frequency faster.
So far, all the attempts to use CRWT to improve wind energy utility are focused on near wake. Most of the previous studies on the characteristics of far wake flows, which are closely related to the performance of a wind farm, are limited for SRWT. As described above, while a CRWT system was found to have different wake characteristics compared with conventional SRWT, the behaviors of CRWT systems in a wind farm are deserved to be investigated. With this in mind, a comprehensive experimental study is conducted to investigate tandem wind turbines with different rotating directions. In addition to measuring the power output of the CRWT system, the characteristics of the wake flow of the CRWT system are also quantified with the downstream turbine located in the near wake(≤1D) and far wake(≤8D) of the upstream wind turbine.
II. Experimental Set up
The experimental study was conducted in the Aerodynamic/Atmospheric Boundary Layer (AABL) Wind Tunnel located at the Aerospace Engineering Department of Iowa State University. The AABL wind tunnel is a closedcircuit wind tunnel with a test section of 20 m*2.4m*2.3m in length, width, and height respectively. The side walls of the wind tunnel were made by transparent glasses. The wind speed in the test section is adjustable from 0 to 45m/s. Figure 1 shows the test section with wind turbine models installed. A turbulent boundary layer was generated with the help of chains or a/wooden blocks covering the wind tunnel floor to simulate the flow conditions similar to ATBL under thermally neutral conditions.
The wind turbine models used in the present study are 3-blade horizontal axis wind turbines (HAWTs), which are the 1:350 scaled down model of large-scale 2MW wind turbines commonly seen in modern wind farms. All wind turbine rotors have the same radius of 127 mm and the tower height of 226 mm with the pitch angle of 3°. In order to study the effects of different rotating directions of the turbine rotors in the tandem wind turbine configuration, the clockwise rotating blades are made by mirroring the counterclockwise rotating blades. The other design parameters about this model are listed in table 1. In the present test, four kinds of experimental data were acquired by using different test instruments. The first one is the velocity profile of the wind field, which was measured by using a cobra probes. Figure 2 shows the cobra probe and its main structural features. The cobra probe can provide dynamic, 3-component velocity and local static pressure measurements in real-time. It is capable of measuring instantaneous flow velocity up to 2 kHz. It is capable of measuring all three components of air flow velocity up to 100m/s. Other flow quantities such as the turbulence intensities, Reynolds stresses and other higher order terms can also be derived based on the instantaneous measurement results. The Cartesian coordinate system used in the present study is defined in Figure 3 . The Yaw angle is technically "azimuth" (rotation angle about the z-axis); and the Pitch is technically "elevation" (the angle between the flow velocity vector V and the X-Y plane). During the experiments, the cobra probe was fixed on a steel frame and controlled by a motorized traverse system to move along vertical direction. For each height, the velocity data were acquired for 60 seconds at a sampling rate of 1.25 kHz.
The second kind of data that were acquired is the electrical power output from the small DC generators installed inside the nacelles of the wind turbine model. This was achieved by measuring the electrical voltage output of the DC generator and recording the electrical resistance in the electric circuit, as shown in Fig. 4 . The tip speed ratio and power output of the wind turbine model can be adjusted by changing the resistance. During the experiments, the voltage was acquired at the sampling rate of 1 KHz for two minutes by the A/D board plugged into a computer, the electrical power output of the wind turbine models were calculated based on the measured voltage and the electrical resistance in the circuit. The third kind of the experimental data acquired during the experiments was the dynamic aerodynamic force acting on the wind turbine models. This was measured by mounting a JR3 Force/Moment sensor underneath the base of the wind turbine tower. The sampling rate for the aerodynamic force measurements was set to be 1.0 KHz with the sampling time duration of 1.0 minute in the present study. The forth parameter acquired during the experiments the rotating speed of the wind turbines, which was measured by using a Monarch Instrument Tachometer .
In the present study, two or three tandem turbines with different rotating directions were aligned in one column. As shown in Fig. 5 , the origin point of the coordinate system used in the present study was located at the based of the first wind turbine. The "L m " represented the position of the m th wind turbine and the "L m-n " represented the distance between the m th and n th turbines. As shown in Fig.5 , the "L 1 " is always equal to zero, while the positions and distances between the wind turbines will be changed for different test cases.
In the present study, the wind speed for the free stream above the boundary layer was set to be 6.2m/s. The power output of the wind turbine at "L 1 " and downstream velocity profiles at "L 2 =0.7D, 1.8D, 4.8D, 7.8D" were measured in advance. In order to compare the difference between the upstream and downstream wind turbines with different rotating directions, the following experimental configurations were designed.
Step 1: The power output for two turbines with different rotating direction at near wake was measured. As shown in Fig.  6 , the distance between the turbines, "L 1-2 ", was fixed at 0.7D, i.e., the second turbine was located in the near wake of the upstream one. With such configuration, the wake of the upstream wind turbine is expected to have strong effects on the downstream wind turbine. The effects of the rotation direction of the downstream wind turbine (i.e., Co-rotating configuration vs. Counter-rotating configuration) would be assessed quantitatively based on the power output and aerodynamic force measurements. Step 2: In order to investigate and understand the physical mechanism why the Counter-rotating configuration had a better performance, the flow fields at different downstream location were measured, and the measured flow velocity, turbulence intensity, and Reynolds Stress profiles at different downstream locations would be analyzed.
In this part, two upstream wind turbines were located at "L 1 " and "L 2 ". Both Co-rotating configuration and Counter-rotating configuration were tested at the same test conditions. The distance between the two wind turbines, "L 1-2 ", was 0.7D. As shown in Fig. 7 , the flow velocity profiles would be measured at the different downstream positions behind the second turbine "L 2 " with the cobra probe. Table 2 listed the downstream positions at where the measurements were conducted in order to compare the cases with Co-rotating and Counter-rotating configuration configurations.
Step 3: In this part, three tandem turbines were aligned in on column, as shown in Fig. 8 , for the Co-rotating configuration, all the three turbines would rotate in the same direction, i.e., counter-clockwise for the present study. However, for the Counter-rotating configuration, while the first and third turbines were set to rotate counterclockwisely, the second turbine would be set to rotate clockwisely. In order to investigate the spacing effects, the test cases with different distance "L 1-2 " and different position "L 3 " were listed in Table 3 . 
III. Results and Discussions
A. The power output and force analysis for CRWT(Step 1) In this section, the measurement results of step 1 are discussed. In order to compare the performances of the wind turbines in Co-rotating with that in Counter-rotating, For the same oncoming flow conditions, the clockwise-rotating wind turbine, which was produced by mirroring the clockwise-rotating turbine, is expected to have the same performance as that of the clockwise-rotating turbine. Figure 9 shows the measured power outputs of the wind turbines either in clockwise-rotating or counter-clockwiserotating located in the same oncoming boundary layer wind. Within the range of the tip-speed-ratio of the turbine investigated in the present study, the power outputs from the two turbine models with different rotation directions were found to be very close, as expected. The maximum difference between the two turbines in either clockwiserotating or counter-clockwise-rotating is found to be less than 1.0%.
In the present study, the flow conditions of the oncoming boundary layer wind was fixed during the experiments, the rotating speed of the wind turbines, thereby the tip-speed-ratio of the wind turbines can be adjusted by changing of the resistance of the electric circuit. As revealed from the measurement results given in Fig.10 , the tip speed ratio of the wind turbines were found to vary from 3.5-4.3 when the adjustable resistor in the electric circuit was changed from 20 Ohm to 1,000Ohm. In the present study, the test case at peak power output was selected as the baseline for normalization, the corresponding tip speed ratio of the test case is 3.66. Figure 11 shows the comparison of the normalized power output between Co-rotating configuration and Counterrotating configuration when the spacing "L 1-2 " was fixed at 0.7D. The power output for the front wind turbine (red lines) was found to be almost the same for the all cases with different rotation directions of the rear wind turbine. However, But for the rear wind turbines(black lines), the case with Counter-rotating configuration was found to produced much more power output than the Co-rotating configuration. As shown in Fig. 12 , within the entire resistance region shown in Fig. 12 , the rear wind turbine with counter-rotating configuration would produce at least 10% more power compared with the case with co-rotating configuration, and for case at the peak power output, the benefit was found to be up to 16.9%. Figure 13 and Fig. 14 shows the FFT spectrum of the measured aerodynamic force acting on the wind turbines at the peak power output. It can be seen clearly that, power spectrum of the measured aerodynamic force acting on the front wind turbine were found be almost identical for the Co-rotating and Counter-rotating configurations, as expected. The first FFT Spectrum peak value of "22.9Hz" stands for the rotation frequency of the wind turbine. The other peaks in the spectrum were the harmonic frequencies. For the rear wind turbines, the turbine was found to rotate faster for the case in Counter-rotating compared with that in Co-rotating (i.e., 16.5Hz for Co-rotating case vs. 17.98Hz for Counter-rotating case). The measurement results indicate that the Counter-rotating turbine would harvest more energy from the wake flow compared with the co-rotating turbine. The analysis given in section B will provide the explanations about why the rear wind turbine in Counter-rotating would produce more power compared with that in co-rotating. 
B. The wake analysis for CRWT(Step 2)
For the measurement results presented in this section, the case with front wind turbine at peak power out was selected as the working condition. As described above, the corresponding tip-speed-ratio for the front wind turbine was 3.66 for the case at peak power output. The cobra probe was used to measure the velocity profiles in the wake flow. At the selected positions, the free flow profiles without turbines, the wake profiles after single turbine, and the wake profiles after two turbines in tandem with different rotating direction were compared. Figure 15 and Fig. 16 showed the streamwise velocity (i.e., U-component) and azimuthal (i.e., vcomponent)velocity profiles measured at different downstream locations of "L 3 " as shown in Fig. 7 . In order to exclude the effects of the turbine tower on the velocity profiles in the wake flow, only the measured data above turbine hub height were given in the present study. Figure 17 extracted the streamwsie velocity at 40% blade height and gave the recovery trend with the increasing downstream distance. After single turbine, the streamwise velocity was found to recover from 68% to 85% when downstream spacing changed from 0.7D to 7.8D. After two turbines in tandem with a spacing of "0.7D", the streamwise velocity could recover from 54% to 78% over the same distance. Despite of the fact that the configuration with two turbines in tandem would harvest more energy, the velocity deficit in the wake would recover much faster for the configuration with two turbines in tandem than that with the single turbine. It should be noted that, the streamwise velocity profiles and the recovery trend of the streamwise velocity deficit in the wake flow were found to be almost the same for the cases with counter-rotating and corotating tandem turbines. It indicates that streamwsie velocity has almost nothing to do with the performance improvement for the case with the tandem turbines in counter-rotating configuration, as revealed in Fig. 12 .
It was been suggested that majority wind energy would be harvested at 20% to 90% rotor span of a wind turbine (Tony et al, 2001 ). As shown clearly in Fig. 16 , obvious azimuthal velocity (i.e., v-component) were found in the wake flows of the single turbine and the tandem turbines in co-rotating configuration. The negative sign of the azimuthal velocity indicate that the azimuthal velocity is opposite to the rotation direction of wind turbines (Hu et al. 2012) .
For the tandem turbine in co-rotating, the negative azimuthal velocity at the downstream position of "1.8D" became double and reached to 10% of the free stream velocity at the hub height. However, for the Counter-rotating case, the azimuthal velocity in the wake flow is almost negligible. The difference of the azimuthal velocity in the wake flow between the Co-rotating case and Counter-rotating case can be used to explain the turbine performance improvement of the counter-rotating case, as shown in Fig. 12 . Since the direction of the azimuthal velocity in the wake flow is opposite to the rotation direction of the upstream turbines, when the two turbines have the same rotating direction, the negative pre-rotating flow velocity in the wake of the upstream will cause more drag to the downstream turbine. As shown clearly in Fig. 16 , the azimuthal velocity from the two turbines will stack together in the wake behind the second turbine. The extra kinetic energy associated with the azimuthal velocity component of the oncoming wind could not be harvested by the wind turbine in co-rotating configuration.
For the counter-rotating case, the azimuthal velocity in the wake of the upstream turbine will have the same direction with rotation of the second turbine, the positive pre-rotating velocity related to the second wind turbine would result in greater lift to the second turbine, and the kinetic energy associated with the azimuthal velocity in the wake of the upstream turbine will be harvested by the second turbine. As a result, the power output of second turbine will increase and the azimuthal velocity in the wake behind the second turbine will be reduced nearly to zero. Figure 18 shows the variations of the azimuthal velocity in the wake flow at the height of 40% rotor span as a function of the downstream distance behind the wind turbines. It can be seen clearly that the magnitude of the azimuthal velocity in the wake would decrease monotonically as the downstream distance increases. The magnitude of the azimuthal velocity in the wake at the downstream location of "0.7D" behind the single turbine was found to be about 11% of the free stream velocity at the hub height, which is the source of the Counter-rotating downstream turbine to achieve extra power production. As the downstream distance increases to "7.8D", the azimuthal velocity was found to become very small, i.e., almost negligible. It implies that the best region to harvest the extra kinetic energy associated with the azimuthal velocity of the oncoming wind would be the near wake instead of far wake region. Figure 19 will shows the schematic of the flow velocity vectors relative to the cross-section of the second turbine rotor blade with different rotation direction, which can be used to explain why the downstream turbine in counterrotating can harvest more wind energy compared with that in co-rotating more clearly.
For the case with only one wind turbine in an atmospheric boundary layer wind, the oncoming airflow has no azimuthal velocity component. Since the airfoils are in mirror symmetrical for the clockwise-rotating and counterclockwise-rotating wind turbines, as shown in Fig. 19 in dashed line, the velocity vector triangle will be symmetrical, and the intake angle "ࣘ' " as well as the angel of attach "α" will be same for both the clockwise-rotating and counter-clockwise-rotating turbines. As a result, the lift and the drag acting on the clockwise-rotating and counterclockwise-rotating wind turbines will be identical. This is reason why the counter-clockwise rotating turbine had the same performance as the clockwise-rotating turbine for the case with only single wind turbine in the same atmospheric boundary layer wind, as shown in clearly in Fig. 9 .
For the cases with multiple wind turbines in tandem, the downstream turbines will work in the wake of upstream turbines. The azimuthal velocity component in the oncoming flow for the downstream turbine is inevitable. Even if the airfoils are mirror symmetrical for the clockwise-rotating and counter-clockwise-rotating wind turbines, the velocity vector triangles would become asymmetrical. As shown in Fig. 19 in solid line, for the case with co-rotating downstream wind turbine, i.e., Fig. 19(a) , the rotating direction is opposite to the intake azimuthal velocity, so the so-called "negative pre-rotating" effect will reduce the intake angle "ࣘ" of the wind turbine. It will result in a smaller angle of attack, thereby, the less lift force will be generated to drive the co-rotating downstream wind turbine. As a result, the power output of the co-rotating downstream wind turbine would decrease compared to the case without azimuthal velocity component in the oncoming flow, even though the streamwise velocity (i.e., Ucomponent) of the oncoming flow are kept as the same for the wind turbines. For the cases with counter-rotating downstream wind turbine, the rotating direction of the downstream turbine is in the same direction as the intake azimuthal velocity, the "positive pre-rotating" effect would increases the intake angle "ࣘ" of the counter-rotating downstream wind turbine. As shown clearly in Fig. 19(b) . It will result in a bigger angle of attack, thereby, the stronger lift force will be generated to drive the co-rotating downstream wind turbine. As a result, the counterrotating wind turbine will produce more power (i.e., up to 17% more power, according the measurement results given in Fig. 12 ) compared with the co-rotating wind turbine. It should be noted that, since the downstream wind turbines are located in the wake of the upstream wind turbines, the wind speed of the airflow streams approaching to the downstream turbines are usually smaller compared with those approaching the upstream turbines due to the velocity deficits in the wake flows, the angles of attack of the airflow related to the downstream turbines are usually much smaller than those at the designed point. Since the counter-rotating configuration can increase the effective angle of attack of the approaching airflow for the downstream wind turbines, it will improve the performance of the downstream turbines. The evolutions of the turbulence intensity and Reynolds stress in the wake flows of the co-rotating and counterrotating turbines have also been investigated in the present study. Figure 20 and Fig. 21 show the measured turbulence intensity and Reynolds stress profiles in the wake flows at four typical downstream locations. As described above, only the measured data above turbine hub height were given in the present study in order to exclude the effects of the turbine tower on the turbulence characteristics of the wake flow. It can be seen clearly that, the turbulence intensity and Reynolds stress levels in the wakes of the two turbines in tandem (either in co-rotating or counter-rotating configuration) would be much higher than those in the wake of single wind turbine, as expected. It can also be seen that, the turbulence intensity and the Reynolds stress levels in the wake behind the two tandem turbines in counter-rotating configuration were found to be lower than those with the two turbines in co-rotating configuration. The differences of the turbulence intensity and the Reynolds stress in the wake flow were found to become smaller and smaller as the downstream distance increases, which becomes almost in-distinguishable as the downstream distances "L 3 " becomes greater than 4.8D. In this section, the measurement results of three wind turbines in tandem with different rotating direction will be presented and discussed. As described above, since the performance of the first turbine was found to be almost independent of the rotation direction of the downstream wind turbines, only the performances of the second and the third turbines would be discussed in this section. Figure 22 shows the changes of the relative power output of the second wind turbine (i.e., the ratio between the power output of the second wind turbine in counter-rotating model to the case in co-rotating mode at the same downstream location) in the wake of the first wind turbine as a function of the distance between the first and the second wind turbines. It can be seen clearly that the benefit of counter-rotating mode would be reduced with the increasing distance between the two wind turbines. With the distance between the two turbines being smaller than 2D, the second wind turbine in counter-rotating mode would produce at least 10% more power than that in corotation mode. However, when the distance between the two turbines increased to about 4.8D, the benefit was found to be reduced to about 3.7%, and based on the similar trend, these benefit would become negligible when the distance between the two turbines being greater than 6D (i.e., <1.0%). This is believed to be closely related to the rapid decay of the azimuthal velocity in the far wake of the wind turbines, as shown quantitatively in Fig. 16 and Fig.  18 . Since the azimuthal velocity in the wake flow becoming smaller and smaller as the downstream distance increases, therefore, the benefit with the second wind turbine in counter-rotating mode became less and less as shown in Fig. 22 . 
IV. Conclusion
A comprehensive experimental study was conducted to investigate the effects of the relative rotation directions of the two tandem wind turbines on the power production performance and wake flow characteristics of the wind turbines wake flow in an atmospheric boundary layer (ABL) wind. The experimental study was performed in a large-scale Aerodynamic/Atmospheric Boundary Layer (AABL) Wind Tunnel located at the Aerospace Engineering Department of Iowa State University. While the oncoming ABL wind was kept in constant during the experiments, the turbine power outputs, the dynamic wind loads (i.e., aerodynamic forces) acting on the wind turbines, and the flow characteristics in the wakes the wind turbines were measured and compared quantitatively with the two tandem turbines operating in co-rotating and counter-rotating configurations.
The measurement results reveal clearly that, the rotation direction has no influence on the power production performance of the upstream wind turbine when it was placed in a straight-line ABL wind. An obvious azimuthal flow velocity component, i.e., so-called "pre-rotating" effect, was found to be generated in the wake flow of the upstream wind turbine, which has an opposite direction to the rotation direction of the wind turbine. When the downstream turbine operates in the co-rotating configuration (i.e., the downstream wind turbine has the same rotation direction as the upstream turbine), the effective angle of attack of the oncoming ABL wind approaching the downstream wind turbine would be decreased due to the effects of the "pre-rotating" azimuthal flow velocity. However, when the downstream turbine was operated in the counter-rotating configuration (i.e., the downstream wind turbine has an opposite rotation direction in relation to the upstream wind turbine), the "pre-rotating" azimuthal flow velocity would result in a greater effective angle of attack of the oncoming wind approaching the downstream wind turbine. As a result, the second wind turbine was found to be able to harvest more wind energy when it was in counter-rotating, compared with that in counter-rotating configuration. The benefits of the counterrotating configuration in power production were found to decrease gradually as the distance between the two wind turbines increases. While the second wind turbine in counter-rotating configuration was found to be able to produce up to 17% more power with the distance between the two turbines being 0.7D, the advantage of the counter-rotating configuration was found to be reduced to only about 3.7% when the distance between the two turbines increases to about 4.8D. The benefit of the counter-rotating configuration would become almost negligible when the distance between the two turbines being greater than 6D (i.e., <1.0%).
